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The ob jec t ives  of t h i s  study have 

s tudy hea t  t r a n s f e r  across  sur faces  i n  

been and s t i l l  a r e  t o  OBJECTIVES 

contac t  under t r a n s i e n t  

condi t ions .  By t r a n s i e n t  condi t ions we include cases  where 

t h e  con tac t  r e s i s t a n c e  s t a y s  t h e  same and t h e  thermal environ- 

ment is changed, where t h e  thermal environment remains con- 

s t a n t  bu t  t h e  contac t  r e s i s t a n c e  is changed, o r  combinations 

o f  these. While t h i s  r e sea rch  i s  b a s i c  i n  na tu re  it is  hoped 

t h a t  u s e f u l  information f o r  ana lys i s  of e x i s t i n g  systems and 

f o r  design and con t ro l  of new systems w i l l  be forthcoming. 

W e  have approached t h i s  research both f r o m  t h e o r e t i c a l  CURRENT 

and experimental  viewpoints. I n  order t o  design t h e  experi-  THEORETICAL 

mental equipment w e  made a t h e o r e t i c a l  study o f  a model which STUDIES 

w e  planned t o  bu i ld .  This  t h e o r e t i c a l  s tudy involves both 

a n a l y t i c a l  and numerical s o l u t i o n s  of  one-dimensional hea t  

t r a n s f e r  ac ross  sur faces  i n  contact  where the source tempera- 

t u r e  was suddenly imposed upon t h e  system which had been a t  a 

uniform i n i t i a l  temperature.  The temperature-time pos i t i on  

information which r e s u l t e d  was obtained f o r  var ious  combina- 

t i o n s  of ma te r i a l s ,  l eng ths ,  and contact  r e s i s t a n c e s  i n  order 

t o  es t imate  t h e  time t o  approach a new steady s t a t e  value.  

These t h e o r e t i c a l  c o r r e l a t i o n s  were presented by B l u m  and 

Moore* (1) (See a l s o  Appendix B ) .  

I n  add i t ion  t o  t h e  above, t h e  e f f e c t  of suddenly 

changing t h e  contac t  r e s i s t a n c e  i n  a system which has  been 

i n  s teady s t a t e  is now being co r re l a t ed  and s tudied .  A t  

p r e sen t  t h e  t h e o r e t i c a l  s t u d i e s  involve (1) the  development 

o f  an i m p l i c i t  method f o r  studying t h e  one-dimensional ca se ,  
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. 
(2) a numerical method f o r  handling two-dimensional hea t  

t r a n s f e r  i n  systems which have sur faces  i n  contac t ,  and (3) 

an a n a l y t i c a l  study involving t h e  problem where convection 

from t h e  sur faces  a r e  important. With regard t o  t h e o r e t i c a l  

work it i s  our  i n t e n t i o n  f o r  t h i s  year and the  next  t o  (a) 

complete and summarize t h e  one-dimensional s t u d i e s ,  (b) t o  

cont inue cons idera t ion  o f  t he  two-dimensional problem with 

emphasis on a system i n  which many cy l inde r s  a r e  placed on a 

p l a t e ,  (c) t o  continue t h e  s t u d i e s  involving r a t e  of emptyinq 

and f i l l i n g  t h e  i n t e r s t i c e s  o f  a contact  with f l u i d s ,  and (d) 

s t a r t  t h e o r e t i c a l  work on a new concept o f  c h a i n 7  sur face  

contac t  a r ea  t o  a f f e c t  con t ro l  of  heat  f l u x .  

I n  a l l  these  cases  mentioned above it is hoped t h a t  t h e  

t h e o r e t i c a l  s t u d i e s  w i l l  help with our p lans  f o r  t h e  exper i -  

ments. The background information f o r  t hese  s t u d i e s  a r e  des- 

r r ibed  i n  the Appendix A .  

The experimental po r t ion  of t h i s  work  t o  da te  has con- 

s i s t e d  of designing and bui ld ing  a system t o  s tudy  t h e  t r a n -  

s i e n t  response of cy l inde r s  i n  contac t  when subjected t o  

changes i n  the  thermal environment, t h e  ambient p re s su re ,  

and the  contac t  pressure .  Experiments have been conducted 

on t w o  s e t s  of samples, a s t a i n l e s s  s t e e l - s t a i n l e s s  s t e e l  

s e t  ( type 304) and an aluminum-aluminum s e t  (type 2024-T6). 

The experiments run s o  f a r  f o r  which da ta  were recorded and 

analyzed a r e  summarized i n  t h e  following t a b l e .  

CURRENT 

EXPERIMENTAL 

RESULTS 
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* (See 2. below) 

The bas i c  purposes of t he  t e s t i n g  done t o  da t e  was t o  

check t h e  a b i l i t y  of t he  system t o  provide da ta  and t o  de t e r -  

mine what changes might be required.  There have been seve ra l  

t h ings  learned which have contr ibuted t o  t h e  improvement of  

techniques and procedures. Some of t h e  more important con- 

t r i b u t i o n s  a r e  discussed below. 

1. 

2. 

E a r l i e r  t e s t  da t a  indicated a s i g n i f i c a n t  con- 

t a c t  r e s i s t a n c e  a t  the source and sink contac ts  

which caused l a r g e  changes i n  the  a c t u a l  end 

temperatures o f  t h e  sample when t h e  a x i a l  load 

was changed. Application of an extremely t h i n  

l a y e r  of s i l i c o n e  grease  has been found t o  

solve t h i s  problem. 

Data and experience have shown t h a t  the bellows 

method o f  providing a x i a l  f o r c e  i s  inadequate 

f o r  two bas i c  reasons: (1) changes o f  t h e  b e l l  

j a r  p ressure  between atmospheric pressure  and 

a vacuum cause changes i n  t h e  a x i a l  l oad ,  and 

(2) it is imprac t ica l  f o r  providing sudden 

changes o r  programmed changes i n  t h e  a x i a l  load 

-3-  



L This has l e d  t o  t h e  dec is ion  t o  change the  

loading system t o  a hydraulic cy l inder  i n  which 

pressure  i s  cont ro l led  by a servo-valve u t i l i z i n g  

a d i r e c t  feedback of ax ia l  f o r c e  from a load 

c e l l  (or  load washer). T h i s  system w i l l  allow 

a f ixed  a x i a l  f o r c e  t o  be maintained independent 

of  t h e  b e l l  j a r  p ressure  o r  thermal expansion. 

It a l s o  has the  f u r t h e r  advantage of allowing 

accura te ly  con t ro l l ed  v a r i a t i o n s  i n  a x i a l  b a d  

such a s  ramp o r  s inusoida l  changes in load. 

3. Data has shown t h a t  t he re  i s  very l i t t l e  r a d i a l  

hea t  l o s s  with no in su la t ion  a t  a l l ,  thus per-  

mi t t i ng  t h e  use of a very l i g h t  i n su la t ion  t o  

i n su re  onedimensional i ty  This i s  advantageous 

s ince  it w i l l  n o t  severely a f f e c t  t h e  thermal 

capac i ty  of t he  sample, which is c r i t i c a l  f o r  

t he  t r a n s i e n t  experiments. 

The da ta  taken s o  f a r  has provided some s i g n i f i c a n t  i n fo r -  

mation. 

1. The measured time t o  reach s teady s t a t e  f o r  

both the  S S - S S  and the  AL-AL t e s t s  is of t h e  

order of twice t h e  predicted t i m e  using t h e  

simple,  a n a l y t i c a l  model. Here again,  however, 

t h e  da ta  shows t h a t  some changes a r e  requi red .  

The choice o f  def in ing  steady s t a t e  a s  t he  time 

when t h e  temperature d r o p  across  t h e  slowest 

r eac t ing  po r t ion  o f  t he  system is 9977 o f  t h e  
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steady s t a t e  temperature drop a c r o s s  that por-  

t i o n  of  t h e  system i s  not a good one because 

small  e r r o r s  in  da t a  cause l a r g e  errors  i n  t h i s  

ca l cu la t ion .  

Thus it has  been decided t o  use a more 

p r a c t i c a l  value of 67%. This w i l l  g r e a t l y  irn- 

prove t h e  acctiracy of c o r r e l a t i n g  theo re t i ca l  

p red ic t ions  and experimental r e s u l t s .  

2 .  The shapes of t h e  t r a n s i e n t  temperature p r o f i l e s  

have been found t o  be very amenable t o  curve 

f i t s  thus  allowing t h e  determination of the 

t r a n s i e n t  con tac t  conductance. The r e s u l t s  

a r e  very i n t e r e s t i n g  i n  t h a t  they show t h a t  t h e  

conductance does vary considerably with both 

temperature and a x i a l  load when these  v a r i a b l e s  

a r e  changed. Some t y p i c a l  p l o t s  of these  

phenomena a r e  shown i n  Figure 1. 

These phenomena could account f o r  t h e  d i f -  

fe rence  i n  t h e  time t o  reach s teady s t a t e  a s  

measured f rom t h e  da ta  and a s  p red ic t ed  by the 

a n a l y t i c a l  model which assumed a constant  con- 

t a c t  conductance. 

A l l  of  t h e  above mentioned changes i n  procedure and hard- 

ware a r e  e i t h e r  accomplished o r  i n  process  now, I t  i s  f e l t  
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t h a t  with these  modif icat ions t h e  data  obtained w i l l  be o f  

s u f f i c i e n t  accuracy t o  aliow good c o r r e l a t i o n  o f  r e s u l t s  with 

i s o l a t i o n  o f  t h e  var ious macroscopic e f f e c t s  

The work w i t h  cyl iEders  will be  continued wi th  var ious  FUTURE 

m a t e r i a l s  and combinations of  lengths  and contac t  conductances. EXPERIMENTS 

This  - is where most of t h e  experimental e f f o r t  i s  being d i r ec t ed .  

By t h e  t i m e  t h i s  a e r i e s  o f  p x p e r i m m t s  has been cnmpleted i t  

is  hoped t h a t  we will be aDle t o  k ~ o w  how condi t ions  a t  t h e  

contac t  change during t r a n s i e n t  condi t ions and what t h e  

response w i l l  be t-f %ar ious  sqsterns t h a t  we w i l l  include i n  

t h i s  s tudy.  

Other experimental problems which may rece ive  some o f  

our a t t e n t i o n  a r e  descr ibed below, 

One o f  t he  l a r g e  problems t h a t  suggests  i t s e l f  from our 

s t u d i e s  i s  the  l ack  o f  a standard through which meaningful 

s ta tements  can be made i n  pred ic t ing  both t h e  s teady s t a t e  

and t r a n s i e n t  behavior of systems with con tac t s .  This  d i f -  

f i c u l t y  would be expected in  v i e w  o f  t h e  l a rge  number of 

v a r i a b l e s  t h a t  a f f e c t  hea t  t r a n s f e r  across  su r faces  i n  con- 

t a c t .  For example, it has  been pointed out  by o the r s  and w e  

have observed t h a t  t he  na tu re  o f  the su r faces  and how they 

a r e  mated a f f e c t  t he  contac t  conductance s i g n i f i c a n t l y .  I n  

order  t o  achieve some element o f  s tandard iza t ion  we would 

l i k e  t o  propose and t e s t  the  following idea.  Suppose by a 

sand b l a s t i n g  technique w e  can develop a random su r face ;  t h a t  

i s ,  one whose p r o f i l e  and roughness would be t h e  same i n  a l l  

- 6 -  
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d i r e c t i o n s .  W e  could prepare a standard whose hardness would 

be g r e a t e r  than any of t h e  o ther  samples, and do a series o f  

hea t  t r a n s f e r  experiments aga ins t  t h e  hardened s tandard.  The 

ob jec t ive  of t h i s  study would be t o  p r e d i c t  from experiments 

a g a i n s t  a s tandard f o r  a common t y p e  sur face  how var ious  sam- 

p l e s  would behave when i n  contac t  with each o the r .  

W e  would a l s o  l i k e  t o  perform a few experiments under Two-dimensional 

t r a n s i e n t  condi t ions  where the heat t r a n s f e r  is two-dimen- Heat Flow 

s i o n a l .  This will probably t ake  t h e  form of a cy l inde r  being 

placed aga ins t  a p l a t e .  

A f i n a l  type o f  experiment would involve t h e  pass ive  

c o n t r o l  concept mentioned i n  the  previous sec t ion .  

Simultaneously wi th  hea t  t r a n s f e r  it would be d e s i r a b l e  

t o  measure t h e  t r a n s i e n t  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  

sys  t e m  . 

Passive Control 

System 

Electr ic  

Resis tance 

Measurements 
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APPENDIX A 

Heat Transfer  Across  Surfaces  i n  Contact: 
Theoret ical  Study 

1. Continued Study of One-Dimensional Heat Flow Across Surfaces  i n  Contact: 

The t h e o r e t i c a l  s t u d i e s  t o  date ,  both a n a l y t i c a l  and numerical, have 

r e s u l t e d  i n  some c o r r e l a t i o n  t h a t  enable us t o  p r e d i c t  t h e  temperature- 

pos i t ion- t ime,  behavior of a l a rge  number of systems. Up t o  t h i s  p o i n t ,  w e  

have been concerned with t h e  time t o  approach s teady s t a t e  and t h e  overshoot 

which has  been descr ibed i n  t h e  paper which fol lows t h i s  sec t ion .  There 

a r e  o the r  c o r r e l a t i o n s  which might a l s o  be use fu l  a s  we l l  a s  expanding t h e  

program t o  consider  cases  where the thermal conduct iv i ty  and d i f f u s i v i t y  

o f  t h e  ma te r i a l s  t h a t  w e  check can be func t ions  o f  temperature and n o t  

cons tan t  a s  we have considered them. 

O u r  prel iminary s t u d i e s  with an e x p l i c i t  numerical  method for handl ing 

a two-dimensional hea t  t r a n s f e r  problem involving con tac t s  i n d i c a t e  t h a t  

t h e  machine time a s  cont ras ted  t o  the  one-dimensional case is g r e a t e r  by a 

f a c t o r  of  about s i x t y .  I t  i s  poss ib le  t h a t  an i m p l i c i t  method f o r  numeri- 

c a l l y  so lv ing  t h i s  equation may al low-us t o  save time while tak ing  l a r g e r  

time and geometrical  increments. In  o r d e r  t o  t e s t  t h i s  idea w e  a r e  

developing t h e  i m p l i c i t  method f o r  our  one-dimensional program which has 

a l ready  been t e s t e d .  As soon a s  t h i s  i s  developed w e  may be ab le  t o  apply 

t h i s  t o  t h e  two-dimensional cases .  

2. Heat Transfer  Across Surfaces  i n  Contact: Two-Dimensional. 

The p o s s i b i l i t y  of a s i n g l e  sink removing h e a t  f r o m  s e v e r a l  sources 

simultaneously i s  t h e  b a s i s  fo r  t h i s  phase of our s tudy.  For  example, one 

could consider  a number of power t r a n s i s t o r s  placed a g a i n s t  a common p l a t e .  
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The t r a n s i s t o r s  could have d i f f e r e n t  temperatures and the re  could a l s o  be a 

v a r i e t y  of hea t  f l uxes .  The questions which we th ink  w e  can so lve  by 

numerical so lu t ions  a r e  these :  (1) How w i l l  a s i n g l e  cy l inder  i n  contac t  

wi th  a p l a t e  r e a c t  t o  changes i n  contact  r e s i s t a n c e  and thermal environment 

changes? (2) How w i l l  more than one cy l inder  placed i n  contac t  wi th  a 

common p l a t e  react when subjec ted  t o  both changes i n  t h e  thermal environ- 

ment and i n  t h e  contac t  conductance? (3) How c l o s e l y  can var ious  cy l inde r s  

be placed on t h i s  common p l a t e  without s i g n i f i c a n t  thermal in t e r f e rence?  

We have a l ready  developed a numerical method f o r  consider ing t h e  case  o f  

one cy l inde r  i n  contac t  with a p l a t e .  Our first runs have ind ica ted  t h a t  

machine t ime could be p r o h i b i t i v e  i n  cos t .  I t  is  f o r  t h i s  reason t h a t  w e  

a r e  planning t o  modify t h e  method and poss ib ly  eva lua te  t h e  i m p l i c i t  

approach mentioned above. 

3 .  A Theore t i ca l  Study of a P o s s i b l e  Control Application: 

An idea  f o r  a pass ive  con t ro l  of hea t  f l u x  using sur faces  i n  con tac t  

c o u l d  be evaluated i n  p a r t  t h e o r e t i c a l l y .  The concept involves p lac ing  two 

ma te r i a l s  i n  con tac t .  The contac t  a r e a  and pressure  would vary depending on 

the  temperature l e v e l  of t h e  two mater ia l s  i n  con tac t .  This could be 

achieved i n  seve ra l  ways. For  example, i f  t w o  conductors,  having s l i g h t l y  

dished out  s e c t i o n s  i n  one o r  more p l a c e s ,  were placed i n  r i g i d  con tac t ,  a s  

t h e  temperature increased t h e  two ma te r i a l s  would be forced toge ther  which 

would increase  the  hea t  f l u x  and thereby tend t o  decrease the temperature.  

I f  t h e  ma te r i a l s  were e l a s t i c  within the  range of t he  temperature changes 

when t h e  temperature l e v e l s  decreased t h e  a rea  o f  con tac t  would decrease ,  

l ikewise  t h e  hea t  f l u x .  This could be s tudied  a n a l y t i c a l l y  s t a r t i n g  with a 

couple of simple models. The r e su l t s  w i l l  i n d i c a t e  under what condi t ions ,  

i f  anyt t h a t  t h i s  approach w i l l  be f e a s i b l e .  Figure 2 shows a poss ib l e  

arrangement. 
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4. The Rate of Emptying and Filling I n t e r s t i c e s  of a Contact: 

Aaron and Blum*2 d i d  some i n i t i a l  work i n  which there was concern with 

If t h e  i n t e r s t i t i a l  t h e  r a t e  of emptying and f i l l i n g  con tac t s  with f l u i d s .  

gas conductance is  a s i g n i f i c a n t  po r t ion  of the t o t a l  conductance ac ross  a 

c o n t a c t ,  t hen  t h e  speed of emptying o r  f i l l i n g  con tac t s  could become impor- 

t a n t .  

condi t ions  under which t h i s  r a t e  might s i g n i f i c a n t l y  a f f ec t  t h e  t r a n s i e n t  

response of systems i n  con tac t .  

cons idera t ion  of a p a r a l l e l  p l a t e  type model. 

r e a l i s t i c  models might be s tud ied .  

I t  is  t h e  i n t e n t i o n  o f  theore t ica l  work i n  t h i s  area to study t h e  

The work by Aaron and B l u m  w a s  l i m i t e d  t o  

I t  would be hoped t h a t  more 
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' Transient Phenomena in Heat Transfer Across Surfaces in Whct 

HAROUI A UU# SINFORD 1. MOORE, JR 

a =  

b =  
h =  
k =  
L 5  

T =  
t =  
x =  

d P  

q" = 

Subsoripts 
1 = region 1 
2 = region 2 
c P contact 
r W r w  
i = initial value 
L = X = L  
o = x = o  

(x) - position 
t = time 
II = stmmation index 

m s  study is ccaurerned with two types of 
traasleat situations &en heat is transferred 
aoross surfaces In contact. lh the first situa- 
tion the response of the systenn (with a eastant 
them-contact oonductanoe) to a okmglng tem- 
perature ezwiFacplpBnt is oalculated. Ih the seo- 
osd situation the effect ef suddeu ohmges in 
oontaot oonductaaoe QL heat flux and temperature 
distribution is observed. 'Ihe iaionnatlon ob- 
talned f'rau this type of study muld be of value 
for tiaewal-croatrol PUFposes aud for betermine- 
tion oi the contaet eQldwtance. 

Ih this lnvestlgation both the aaa3ytioal 
ammaoh and a nrnnarZcal method uere used to simar- 
late a one-dlmenslonal heat-transfer experiment. 
T h i s  method is applloable to two systems ia oon- 
taot where the relative and absolute lengths, 
mate- combinations, and oontact cmiuctanae 
can be varied under all ranges or practical ln- 
terest . 

me system and boundary conditions for the 

SIR 

Fig. 1 S h r n a d c  of system wittr ow- 
dimensional heat transfer across contact, 
whi& shows zones for which separate 
nodal equations were used 

tu0 situations, rm -OR the I*)-- are prs- 
sented, a m  desoribed as followst 

one end of the system is subdeoted to a 
temperature (kept Wn8taLnt tbmn@out the i=Barl- 
ment) until steady state is approaobed, 
state" is daiiaed as the ooadltiaar %&ere the tem- 
perature azlop aoross ths slarsst reaotlag portim 
o r  the system is within 1 peroent oi its true 
steady-state value. Hetal properties and omtaot 
ooaduotancle are aaastant. 

2 Start- vlth steaUy-state temwerature 
distribution, the eantaat caxluotanoe is suddenly 
chaaged to a nev aanstant value untll another 
steadpstate Mmaitioa is maohetl, lbtal pmper- 
ties and end temperatums are oaostaat. 

cemed with the iiFst sltuatloa. 
(a) relation or the t i w  to maoh steady state 
(a deiined ia the racegoing) to the eystrp geaae- 
try, metal properties, and 0ml-t owtBpu)e, 
and (b) the "overshwt" (trsnSiart om- 
dit- under Woh the temoratm drpp am88 
the contaot meeds the steady-state value). 

1 Start- with a W o r m  -tures 

"St- 

aOrrel.atbaS are m8eIltad -ah are m- 
Smse deal with 

Both the numerioal pnd analytloaZ 8sthodss 
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used t o  obtaln the iarorolation tor the data, re-. 
qulred we OS a - tal  oaarlnrter. UwonologioaUy 
the analytioal olathod wWOR was geveloped later 
man the M t e - m e a w w e  apprmah remsents a 
okeok on the nrmra~ilcrel method, a V ~ r U % a t i a R  of 
the applleability of Tlttlers qwi-orthogonal 
hmotiom methodl ror haadling @apposite systsrae, 
and f%nally added a flexibi;lity La this ease 
-oh was thrifty Oi mnptater tlase. If it be- 
oapes desirable t o  - the properties eontinu- 
ously, then the 13sItati<wr of the analptioal ap- 
proaeb w i l l  neaessltate t2m use of the m u m i o a l  
msthoQ. 

Ba8m%sal L%lUtiW 
A iinite-dif'feranee approxbration o f  

Bourierls equation in one dimea83on was applied 
t o  the system ooazsistw or two metals in aontaot? 

mere were four t o m s  reuu4rLng sepamte 
nodal equations f o r  i terat ion In this explicit  
method. Tbese eoms are Il lustrated in  pig, 1. 

adjacent co the oontaat) the nodal equation is 

* 

For zones un the hot side (except that, 

T i  't+l I (*l (x-1) t + T l t  (x+l) , t) 

"1 

The equation for the eone o f  the hot slde, adja- 
oent t o  the oontaat is 

The equation ros the 
oent t o  the contaot :a 

on tho oold side, adja- 

(3) 

- 
C. W. Tittle, "Boundary Value R'oblems in  

Composite Media: Quasi-Orthogonal Bunations, 
Journal oi Applied Physics, vol, SF8, A ~ U ,  1965, 
RP. 406-488. 

2 Q. M. htsiaberre, "Beat w o u l a -  
tions by Binite Dlf'fe-eis," lktenratlonal Text 
Book Oo., Scranton, Pa,, ahapter 6. 

(4) 

where 

1 a ! !  
k 

3h orcler t o  iasura stable solutions it is 
all teunpexa- neoessary that the ooeffloients 

tures be positive on the rle;ht-haaa side Oi equa- 
tions (1) - (4). It wee rouad that length inare- 
m n t s  or 0,l  irr. and tiare increments Or 0.01 seo 
aahleved this stabiUty and w a s  sutfioiently aoou- 
rate 80 that no ditrereme was observed between 
the andLytioal soluti.on and this one. 

Analytioal Solution 
The basis $or Uze analytiaal solution of 

the spaoe-tQe-teapwature d l s t r lbu t lm  Is the 
separation or  variables bp m w t  rontl ~n w 
governzing partial Werential eguatien. Barever, 
8-e the prooerties Or the two reg%ona are U s -  
oentlnuous at  the l a t e w e ,  BaPr1wrs equatba 
mwt be m i t t e n  ae~ara te ly  ror  the two ~ ~ ? e s i o n ~ . J  
Advantam i s  talcen or the i a o t  that tiw soiutiaa 
approaohea the steacly-state so3utioa ior lanBs 
t h e  by assuming the solution 88 a man of steady- 
s ta te  a;rrb tlne-dependent parts. The solutioas 
thus obtained by applioation or the iateriaoe sad 
ena b o w  o o a d i t i w  BFB oi the rouawbg form: 

-8-a (1) 

Where the eigenvalues y n  and 6, are deter- 
mined by the equations 

- 
3 B. S, Qarslaw and J, 0, Jaeger, "Conduotion 

o f  Beat In 8o1idsaf1 oxiord a t  the olarondloa Press, 
19599 
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0 .h 1.0 

Pig. e Response of two 1-in. alominum speci- 
mens in conuct when contam amductancc 

i s  suddenly changed 

aad 

(b) por #re in i t ia l ly  steady-state tempera- 
ture distrlbutim wlth ooadwtaaoe of % uitb a 

t 
1 I UJ 
.1 1 10 

Fig. 8 Approach to ready s t a t e  - reme 
't: 

matedab 

4 
A- 6 

c -  1 ' a * k l t k l b  - -  
k2 

1 (U) 
c2 - k2 + k2 + b 

q s  
It slaould be noted that for oa@e (b), WS 



t 

Fig. 4 Approach to steady sfate (aluminum- 

1 1  1 J 
.1 1 10 .r 

tin) Fig. 5 Approach to steady state (tin-alurniaum) 
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Fig. 6 ApproaJl to steady state (tin-stain- 
less steel) 

were 25 - 4000 = u p  sa rt aeg F (51.1 I. io4 to 

to est-- how long It would take a systcrm t o  
rea& 8teady state when subjeofad t o  a stdden 

tlute i s  iadeperdeat ot the aotual teupe?!?!ture d l f -  
femme imposed, Brims expellipreatal data it mwld 
be possible  to  detemlne the oOatsot aoadwtame 
by estlmting the tims to  rea& steady atate, f o r  
a wtan or lmnrn gearaetq and matel.ials, 
aurves also shaw under uhat aondltlans the om- 
taat  aoadwtame would SignifiaanCty afYeot tbe 
response of a systerp to  tempe~ratum daange and 
\md6r mt ooaditiclou, the amtaot oaxluotanoe 
would be relatively unimportant, The @--tea 
shaws the effect of aontaot aoaduatanae. 

alaadma~ in oontaot ~ 4 t h  a 1-fa-lag alminus 
wlth a Oontaot e t  d m  omdrrotanoe of lo00 

0.47, 9 - 4 ( f r a a  Blg. 31, or the tlme t o  ap- 
maoh stqauly state 1s 73 sea. FOP tkis mat= 
where the aomluotanoe ls 75, 5 %s stlll 0,333, 
p 1s 6,W, aad 8 (m Plg. 3) = 26, the P- 
dloted Oime I s  146 sea. 

Bel? the oaaea where the materSals in  region 
1 and region 2 are not the same it beoames woes- 
~ a ~ g  t o  metseat the biofmat ioa  on two 8e0arato 
aharts to r  eaoh materlal oornblnatlon. For ~ltaa- 
ple,  ia Big, 4 the alumirrura-tln (that 18, al- 
ia region l and tla ia region 2) i a  presented, 
*ereas in Flg. 5, reg5on 1 has tbe t l n  and re.ee;ion 

8#)0 x 104 ~ t t s / h  - &eg K). 'phg m F a l l s i g -  
m 0 W e  Of ehis '-8 thet It l 8  possible 

t-ttll*) It should be hot& tbat t b i ~  

mider the systaa aoos2st%ng o f  3-ln-larg 

Btulhr)-w rt-deg P. T = 0,333 aab @ 

1 .01 I .1 1 
T 

Fig. 7 Approach to steady s t a t e  (stainless 
steel-tin) 
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Fig. 8 The "overshoot": The effect of contact 
conductance on temperature drop across a con- 
tact for a 1-in. aluminum over a 1-in. stainless 
steel specimen when end of alumiaum away from 
contact is suddenly exposed to a higher temper- 
ature than uniform initial temperature 

2 The time t o  appmaoh steady state  I s  de- 
fined and sane oorrelatloas are presented In 
t e r n  of what may be governing dlnreaslonless quau- 
titles. For the same platerial on both sides o t  
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APPENDIX C 

Experimental Program 

Bas ica l ly  the  experimental program c o n s i s t s  of measuring the  temperature 

d i s t r i b u t i o n  a s  a func t ion  o f  t i m e  i n  two m e t a l l i c  cy l inde r s  i n  contac t  with 

each o the r  a s  shown in  Figure 3 .  This t r a n s i e n t  d i s t r i b u t i o n  r e s u l t s  f rom 

an upse t  i n  t h e  system's one-dimensional hea t  t r a n s f e r .  A t  present  t h r e e  

cpantit-ips are being used f n r  these ~ p s e t s :  (12 sofirce temperature; (2) 

a x i a l  f o r c e ;  and ( 3 )  environment pressure .  Three types of upse ts  a r e  cur -  

r e n t l y  being s t u d i e d  which cons i s t  of  holding t w o  o f  these  q u a n t i t i e s  con- 

s t a n t  and varying the  t h i r d  rapidly from one f ixed  value t o  another.  

From t h i s  d a t a ,  analyses  a r e  being made which attempt t o  c o r r e l a t e  

such parameters a s  time requi red  t o  reach s teady s t a t e  and t r a n s i e n t  contac t  

conductance i n  terms of the  the rma l ,  geometric, and mechanical p r o p e r t i e s  

of t h e  cy l inde r s .  For  d e t a i l s  the program is b e s t  descr ibed i n  the  following 

four  d iv i s ions .  

A .  Sample prepara t ion  

The f i r s t  s t ep  is  t o  cons t ruc t  t h e  samples o f  t he  appropr ia te  mater ia l .  

This i s  done by f i r s t  c u t t i n g  t h e  ba r  s tock t o  rough l eng th  and t u rn ing  t o  

t he  proper diameter (1.0002 - 0 0 1  inches) i n  a l a t h e .  Next t h e  "outside" 

end of t he  sample i s  f in i shed  t o  a f i n a l  roughness of  6 - 1 0 p i n  (RMS), and 

t h e  thermocouple s l o t s  a r e  cut  i n  the  outer  sur face  t o  a width of 0 .02  

inches and a depth of 0.02. The nominal s l o t  l o c a t i o n s  a r e  a t  0.1, - 3 ,  - 5 ,  

- 7 ;  . 9  of t h e  sample length .  F ina l ly ,  the  "contact" end of t h e  sample i s  

machined i n  a shaper s o  t h a t  the  f i n a l  des i red  length  i s  obtained and t h e  

contac t  sur face  has t h e  t ransverse  l a y  t o  t h e  required roughness. 
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While t h e  sample i s  s t i l l  i n  the  shaper bed t h e  indexing marks which 

r e fe rence  t h e  l a y  d i r e c t i o n  a r e  put on. 

Af t e r  t h e  machining the  macro- and micro-hardness of t h e  sample are  

determined and t h e  assigned sample number is etched on t h e  ou te r  sur face .  

Next the su r face  measurements a r e  made on a Sur f ind ica to r .  Then a l l  t h i s  

information along with a l l  a c t u a l  dimensions (including t h e  s l o t s '  a x i a l  

loCatiorisj  are -L-l a l-- L - - l -  *I-- -I-- L-- Lug U U U K .  i i i i ~  l u g  uuuk IS also iised to 

record t h e  sample h i s t o r y  which includes everything t h a t  i s  subsequently 

done t o  t h e  sample. 

Sample p repa ra t ion  i s  concluded by i n s t a l l i n g  t h e  thermocouples i n t o  

t h e  s l o t s  and then  applying t h e  s i l i c o n e  rubber t o  provide s t r a i n  r e l i e f  

f o r  t h e  thermocouple l ead  wires.  

B .  Thermocouple Ca l ib ra t ion  

Since t h e  thermocouple readings a r e  recorded on an osc i l lograph  t h e r e  

is  an e l e c t r i c  cu r ren t  i n  t h e  thermocouple c i rcg i t s  2nd t h e r e f e r e  they must 

be c a l i b r a t e d  aga ins t  known temperatures.  To e l imina te  a d d i t i o n a l  sources  

o f  temperature e r r o r  t he  thermocmple-wire-oscillograph system is  c a l i b r a t e d  

a s  a u n i t  j u s t  a s  it i s  used i n  taking da ta .  

T h i s  is accomplished by placing the  c a l i b r a t i o n  ba th  ad jacent  t o  the 

t e s t  f i x t u r e  and p lac ing  t h e  samples (with thermocouples a l ready  i n  place)  

i n  t h e  aluminum shavings,  a s  shown i n  Figure 4, The sample is surrounded 

by t h e  aluminum i n  t h e  can, which is surrounded on a l l  b u t  one end by t h e  

o i l  ba th ,  and in su la t ed  on t h e  other  end, The o i l  ba th  temperature i s  

ad jus ted  i n  l a r g e  s t e p s  by t h e  c i r c u l a t i o n  of  steam o r  cold water  through 
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t h e  c o i l s  shown. When t h e  approximate des i red  temperature i s  reached t h e  

c o n t r o l l e r  takes  over and cont ro ls  t he  temperature t o  wi th in  2 . O l O C .  The 

a c t u a l  temperature is  recorded f r o m  readings of  a s e t  of c a l i b r a t e d  ASTM 

standard thermometers, readable t o  0.1OF. The ba th  temperature i s  adjusted 

t o  t he  des i red  value and cont ro l led  a t  t h a t  temperature f o r  one hour. Then 

the  osc i l lograph  is turned on t o  record the  d e f l e c t i o n  of t h e  thermocouple 

t r a c e s  f o r  t h a t  temperature. This process  is repeated f o r  a l l  des i red  c a l i -  

b r a t i o n  temperatures.  

readings ascending and descending i n  temperature,  s ince  t h i s  procedure 

e l imina te s  small  e r r o r s  i n  temperature which might he caused by thermal l ag .  

It  has  been found t o  be advantageous t o  always t ake  

A computer program is  used for  the  f i n a l  s t e p  i n  the  c a l i b r a t i o n  

procedure.  

used by t h e  program which f i t s  the b e s t  second order  curve through t h e  da ta  

f o r  each thermocouple sepa ra t e ly ,  using s tandard leas t - squares  techniques.  

E a r l i e r ,  h igher  o r d e r  curves were t r i e d  bu t  they d i d  no t  improve t h e  accuracy. 

A t y p f c a l  s e t  o f  c a l i b r a t i o n  da ta  and the  l e a s t  squares f i t  a r e  shown i n  

Figure 5.  The regress ion  c o e f f i c i e n t s  a r e  then used i n  t h e  da ta  a n a l y s i s  

rou t ine  t o  c a l c u l a t e  temperature from d e f l e c t i o n  of the  osc i l lograph  t r a c e s .  

The da ta  from t h e  osc i l lograph  a r e  punched on t o  cards  and 

C .  Data Acquis i t ion 

Af te r  c a l i b r a t i o n  t h e  samples a r e  removed from the  c a l i b r a t i o n  f i x t u r e  

and cleaned with a s o f t  brush t o  remove aluminum f i l i n g s .  The ends a r e  then 

cleaned with acetone f i r s t  and f i n a l l y  with abso lu te  e t h y l  a lcohol .  The 

source and s ink  ends a r e  then coated with a very t h i n  l a y e r  of D.C.  s i l i c o n e  

g rease  t o  reduce the  contac t  r e s i s t ance  a t  t hese  l o c a t i o n s .  
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The samples a r e  then placed in  t h e  t e s t  f i x t u r e  and a l igned  t o  the  

des i r ed  o r i e n t a t i o n  of  t h e  l a y  on t h e  contac t  sur faces .  Then t h e  tests are 

run  according t o  t h e  type o f  tes t  des i red .  The t h r e e  b a s i c  t e s t s  now being 

used a r e  a s  follows: 

Phase 1. This  t e s t  can be run i n  t h e  atmosphere o r  i n  vacuum. I t  i s  s t a r t e d  

by s t a r t i n g  the s ink  coolant  f l o w  and allowing t h e  e n t i r e  sample t o  reach  a 

zniform temperature. Using ;1 r ~ n m  tpmg~prature sink. hac. made +h<s ronditinn 

more e a s i l y  obtainable .  Qnce the uniform temperature i s  reached t h e  o s c i l -  

lograph i s  turned on and then the steam valve t o  t h e  source is opened. The 

source temperature rise i s  very rapid thus  approximating a s t e p  increase .  

A t y p i c a l  osc i l lograph  record o f  t h i s  type o f  experiment is  shown i n  

Figure 6.  

Phase 2 .  These experiments can a l so  be run a t  atmospheric pressure  or i n  a 

vacuum. The experiment begins with a s teady s t a t e  hea t  f l u x  through t h e  

samples. Then t h e  a x i a l  loading is increased o r  decreased while  holding 

t h e  ambient pressure  and t h e  source and s ink  temperatures cons tan t .  The 

experiment continues u n t i l  t h e  new steady s t a t e  is  reached. 

Phase 3 .  

sample w i t h  t h e  system i n  a vacuum (lower than 10-4mmHg). 

p re s su re  is then  re turned  t o  atmospheric pressure  as r ap id ly  a s  poss ib l e  

while holding t h e  a x i a l  f o r c e  and source and s i n k  temperatures cons tan t .  

Contact conductance is thus  increased by t h e  add i t ion  of t h e  gas  t o  t h e  

i n t e r s t i c e s  and t h e  t r a n s i e n t s  i n  temperature d i s t r i b u t i o n  a r e  observed. 

These experiments begin with a s teady s t a t e  h e a t  f l u x  through t h e  

The ambient 
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D .  Data Analysis 

Af t e r  an experiment is completed t h e  da t a  a n a l y s i s  begins with reading 

t h e  t r a c e  de f l ec t ions  from the  osci l lograph record.  Readings a r e  taken a t  

d i s c r e t e  t imes by measuring the  de f l ec t ion  f r o m  the  reference displacement 

by means of a r u l e r  sca led  t o  - 0 1  inches.  T ime  i n t e r v a l s  a t  which readings 

a r e  made depend on t h e  t r a n s i e n t s  themselves, i . e . ,  where t h e  changes a r e  

r a p i d , c l o s e r  spacing of time i n t e r v a l s  i s  used and where they a r e  occurr ing 

s lowly l a r g e r  spacings s u f f i c e .  These readings a r e  recorded i n  a da ta  l o g  

book and a r e  referenced t o  t h e  sample and experiment numbers. The o s c i l l o -  

graph records (which a r e  a l s o  appropr ia te ly  i d e n t i f i e d )  a r e  s to red .  Next 

t h i s  recorded da ta  i s  punched on t o  cards  and read i n t o  t h e  computer with 

t h e  da t a  ana lys i s  computer program. 

A t  

1. 

2 .  

3 .  

4. 

5.  

present  t he  computer program performs t h e  following operat ions:  

Reads in  t h e  required data  f o r  t he  s p e c i f i c  sample, such a s  

thermal conduc t iv i t i e s ,  d i f f u s i v i t i e s ,  sample lengths  and 

exact  thermocouple loca t ions .  

Reads in  c a l i b r a t i o n  da ta .  

Calcu la tes  phys ica l  q u a n t i t i e s  from d e f l e c t i o n  da ta  using 

the  c a l i b r a t i o n  r e s u l t s .  

P r i n t s  o u t  temperature d i s t r i b u t i o n  versus  time ( i n  

t a b u l a r  form). 

Performs t r a n s i e n t  ana lys i s .  This c o n s i s t s  of making l e a s t  

squares curve f i t s  through t h e  temperature p r o f i l e s  f o r  each 

i n s t a n t  of time then p ro jec t ing  these  t o  the  contac t  boundary 

t o  compute the  contac t  temperature d i f f e r e n t i a l .  Next t h e  

hea t  f l u x  is ca l cu la t ed  from t h e  l o c a l  s lope of t h e  temperature 

p r o f i l e s  a t  t h e  contac t .  Then from these  two, con tac t  conductance 

i s  ca l cu la t ed .  
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6 .  P r i n t s  out  ( i n  t a b l u l a r  form) t h e  t r a n s i e n t  ana lys i s .  

7 .  Performs s teady s t a t e  ana lys i s  which c o n s i s t s  of  f i t t i n g  the  

b e s t  least  squares  s t r a i g h t  l ine through t h e  steady s t a t e  

temperature p r o f i l e  and computing t h e  c o r r e l a t i o n  parameters 

descr ibed i n  Appendix B .  
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8.  P r i n t s  ou t  steady state m a l y s i s .  

The computer program is  qu i t e  f l e x i b l e  and any f u r t h e r  a n a l y s i s  of t h e  

d a t a  which might prove t o  be des i r ab le  can be e a s i l y  added. 

a d d i t i o n s  t o  t h e  program a re  being w r i t t e n  which w i l l  allow f o r  machine 

p l o t t i n g  o f  any of t h e  des i r ed  data .  

A t  p r e s e n t ,  



APPENDIX D 

Equipment 

F o r  t h e  purposes of i l l u s t r a t i o n  t h e  experimental equipment cu r ren t ly  

i n  use i s  shown schematical ly  i n  Figure 3 and in t h e  photograph of Figure 7 .  

Descr ipt ions of  t h e  key components a r e  given below. 

During t h e  experiments t h e  sample is he ldbe tween t h e  source and s ink  

blocks.  

i n l e t  and o u t l e t  p o r t s .  The s ink  block temperature is held cons tan t  by 

flowing room temperature water f r o m  a l a r g e  r e s e r v o i r .  Steam from t h e  

bu i ld ing  hea t ing  system i s  used t o  maintain t h e  source temperature cons tan t ;  

t h e  temperature is  ad jus t ab le  by means of c o n t r o l l i n g  t h e  pressure  using a 

t h r o t t l i n g  valve.  

These blocks a r e  constructed o f  OFHC copper and a r e  hollow with 

All temperatures a r e  measured with copper-constantan thermocouples 

using a re ference  temperature of 32OF,  which i s  maintained i n  an in su la t ed  

i c e  ba th .  The recording bs t rumen t  f m  a l l  da t a  is a Eoneywell Model 1505, 

twenty-four channel osc i l lograph ,  with paper speed adjustment from 0 . 1  t o  

80 inches/second. 

Var ia t ion  and c o n t r o l  o f  t h e  a x i a l  load is  accomplished by means of a 

metal  bellows using compressed a i r .  The pressure  i n  t h e  bellows is regu- 

l a t e d  by means of an APCO model pressure r e g u l a t o r  con t ro l l ed  manually. 

The bellows and source and s ink blocks a r e  mounted i n  t h e  s t a i n l e s s  

s t e e l  frame a s  shown i n  Figure 7 ,  which i t se l f  rests on t h e  base p l a t e  of 

t he  vacuum system. A l l  e l e c t r i c a l  wi res  and f l u i d  l i n e s  p a s s  through feed- 

through connections i n  t h e  base p l a t e .  The vacuum system is a Consolidated 

Vacuum Corporation Model system u t i l i z i n g  a roughing pump and an o i l  d i f -  

fus ion  pump. 
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APPENDIX E 

Figures 

A-17 



r------ 1 '  

- - :  i 
-if-- 

' - -  - 1  . -  . 

A-18 



IIEAT 
SOURCE 

HEAT 
SINK 

RLGXDLY PLACED CONDUCTORS IN CONTACT 

// / / / / / / /////' 

small gap 

.-- / / / / / / / / /mu / /  

FIGURE 2 - PASSIVE CONTROL DEVICE 

A-19 



v, 

I 

I / 
V '  

1 

w 
Fr 

I 

A- 20 



I I 

i 

A- 21 



. 

A- 22 



L 

A-23 



FIGUcW 7 

T e s t  Sec t ion  

A-24 


